The role of in situ rain water harvesting (RWH) in water resources conservation is well recognized in semiarid areas, such as the highlands of northern Ethiopia. However, in fringe areas of malaria endemicity, the potential impact of such schemes on vector populations and malaria transmission is not well documented. We therefore investigated the impact of such environmental interventions on Anopheles vector breeding and malaria burden, in a cross sectional survey undertaken in March/April 2005 in 4 villages in northwestern (3 in Hadegti and Hibret subdistricts; (s.d) 1800masl.) and central (Endachewa s.d.; 2050masl) zones of Tigray, in northern Ethiopia, where large scale construction of half-moon ponds (HMP) and ditches was in progress. A total of 990 blood slides taken from under 10 children revealed 268 infections of which 90.7% were P. falciparum, 7.5% P. vivax and 1.9% mixed. All of these were from Hadegti and Hibret s.d. where HMPs predominated, revealing a slide positivity rate of 35.6% (range 30.7 -41.7%) and 3.6%, respectively. The majority (>77%) of the malaria positive cases resided in households located within 750 meters of the RWH structures, indicating that proximity to mosquito breeding sites was an important determinant of malaria in the villages. Over 33.8 % of the aquatic habitats in these villages were colonized by Anopheles aquatic stages, of which all were identified morphologically as An. gambiae sensu lato (presumably An. arabiensis). HMPs were found to be more productive than the smaller ditches, where water stayed longer for the aquatic stages to reach maturity to the adult mosquito. Hence, such environmental interventions require due consideration and need to be integrated with appropriate malaria control strategies.
INTRODUCTION
In the Tigray highlands of Northern Ethiopia, the role of in situ rainwater harvesting (RWH) in water resources conservation is well recognized. Soil and water conservation (SWC) activities have long been in practice in Tigray, but the large scale and well organized program started over three decades ago (Esser et al., 2002) . Since its large scale initiation, millions of hectares of sloppy areas have been treated by different SWC measures and tree seedlings planted in different parts of the region (BoANR, 2002) . Initially, physical structures were mainly introduced (Chadhokar and Solomon Abate, 1988) , such as the widespread stone bunds constructed along contour lines. Lately, particularly following the devastating drought and famine of the 1980s (Getachew Alem, 1999 ), these were supplemented by different RWH structures [e.g., semicircular micro catchments (half-moon ponds (HMPs), ditches, trenches, etc.], aimed at intercepting runoff water and improving infiltration and ground water recharge, thereby ensuring availability of water in springs and shallow wells. Farmers also cultivated their crops behind earthen barriers and ditches to increase their crop yield (Desta Gebremichael et al., 2005; Mintesinot Behailu and Mitiku Haile, 2002; Nyssen et al., 2004) . Where rainfall is unevenly distributed and soils have high water-holding capacity, this system may store water for a prolonged period of time, impacting positively on the surrounding ecology and increased crop yield (Girmay Gebresamuel et al., 2004) .
To date, as a result of the encouraging outcomes so far witnessed (Mintesinot Behailu and Mitiku Haile, 2002) and as part of the world wide effort to combat climate change, in situ RWH, along with other SWC activities, has gained renewed interest; and currently the scheme is in progress at an even larger scale. On the other hand, in semi-arid areas of fringe transmission, such as the Ethiopian Highlands, introduction or expansion of in situ RWH structures close to human habitations may lead to increased risk of malaria transmission, by creating more breeding habitat for vectors and increasing human -vector contact (Tedros Adhanom Ghebreyesus et al., 1999; Mekonnen Yohannes et al., 2005; Ijumba and Lindsay, 2001; Hunter et al., 1993) . Compared to larger water bodies, such as dams, in situ RWH structures might have a much greater impact on malaria prevalence/incidence, as they are smaller, constructed in huge numbers in rural neighborhoods, producing enormous vector breeding surface. Anopheles arabiensis , the major vector of malaria in Ethiopia and perhaps the only important species in Tigray (Mekonnen Yohannes et al., 2005) , shows a strong preference for such small, mostly turbid, rainwater pools that are often formed due to human activity and close to dwellings (Gillies and de Meillon, 1968) . While the diverse effects of micro dams (Tedros Adhanom Ghebreyesus, et al., 1999) and ponds (Fitsum Hagos et al., 2006) have been the subjects of investigation in previous studies, the health and environmental effects of in situ micro rainwater harvesting structures for water resources conservation have not yet been studied. This paper presents the results of an investigation carried out in March/April 2005 on the impact of these structures on vector breeding and malaria transmission in selected villages of Tigray, northern Ethiopia. the former predominating. These are semicircular pits (radius ~ 3m), dug at 1-2 meters interval (laterally), where the excavated soil is used to construct a bund down stream of the pit. The bund height is about 25cm after the soil has settled and this may be strengthened by stone bunds (Fig.   2 ). Spaced at about 3 meters, the HMPs are normally applied at a rate of about 300 hoops per hectare (Carruci, 1992; CFSCDD, 1986 The area is hypoendemic and prone to epidemics. One of the current study villages (Maisheru) served as a control in a previous study where an environmental impact assessment was in progress around a microdam, about 3km west of the village. The present study was prompted, when the inhabitants of the former study villages raised their concern about the possible impact of the newly introduced RWH structures on malaria transmission.
Study area

MATERIALS AND METHODS
Parasitological survey
experienced malaria control department personnel stationed in Endaslassie town. The stages of parasite in each malaria-positive slide were recorded. Children with parasitaemia were provided free treatment at a local health institution.
Entomological survey
All the water holding RWH structures in and around the study villages were searched for the presence of anopheline immature stages using standard dippers, at a rate of 6 dips per meter square. The breeding site characteristics of each habitat, including depth, surface area, condition of water (whether turbid, clear, etc), were recorded. Anopheline larvae and pupae were collected from positive habitats and pipetted into separate labeled vials where they were killed by gently heating the water in the vials to be preserved in 70% alcohol after draining the excess water. The immature mosquitoes were counted in three categories: early instars (1 st and 2 nd ), late instars (3 rd and 4 th ), and pupae. The 3 rd and 4 th anopheline stages were used to identify the particular anopheline species based on morphological descriptions (Verrone, 1962) . For each household, the shortest distance to the nearest RWH structure was roughly calculated from the GPS coordinates, using the assumption that one degree of latitude/longitude is equivalent to 110 km in the equatorial region (Tedros Adhanom Ghebreyesus et al., 2003) .
RESULTS
Meteorological situation
The rainfall profile of the study area in Lailay Adiabo district for a period of 5 years (2000 -2005) is presented in figure 3 . As indicated an early rainfall event of 44.3mm was recorded in (Fig. 4) .
Demographic and parasitological findings
The demographic profile and the results of the malaria prevalence study are summarized in Overall, the presence of malaria cases in households was closely associated with distance to the RWH structures that served as vector breeding sites in the villages. This distance ranged from 5.9 to 1880 meters, with inter-village variations. Over 77% of the infections were found in households located within 750m from breeding sites ( Table 2 ). Said differently, the malaria prevalence rate in under 10 children decreased with increasing distance of the households to the vector breeding sites. In Aditegemes village (Endachewa subdistrict), over 1233 RWH ditches were dug and the nearest household to these structures was over 540 meters away. No infections were recovered from this village. 
Entomological findings
Among the 1517 RWH structures sampled in all the study villages, 5.1% were positive for anopheles immature stages (Table 3 ). The degree of habitat colonization by anopheline immature stages was associated with proximity to human habitations. Thus, while just over one percent of the RWH ditches sampled in Aditegemes were positive for anopheline immature stages, anopheles breeding was observed in over 21% of the RWH structures sampled in the other three villages, with marked propensity in HMPs (22.5% (53/236), compared to ditches (16.7% (8/48 (19/53). Similarly, the number of anopheline immature stages per dip was higher in HMPs. The ratio of late immature stages (plus pupae) to early stages, which is a rough measure of breeding site productivity, was also lower in RWH ditches but approached one in HMPs (Table 3) .
DISCUSSION
Identifying the kind of environmental interventions that favor malaria vector breeding is vital for the elaboration of sound mosquito control strategies. The present study showed that construction of in situ RWH structures aimed at water resources conservation have the potential to increase the transmission of malaria substantially, if built near human habitations. In March/April, when transmission would be expected to be at its lowest in the study area, the present finding of malaria prevalence rates as high as 41% among children could mainly be attributed to the newly provides breeding sites for mosquitoes in these structures, but also increases relative humidity necessary for mosquito survival, while temperature affects the development rates and survivorship of malaria parasites and, mosquito vectors, as well as the mosquito biting rates (Lindsay and Martens, 1998) . Small increases in temperature near the lower limit for parasite and mosquito development would probably produce greater mosquito densities (Clements, 1992 ), higher biting rates (Lindblade et al., 2000; Lindsay and Birley 1996) and more rapid parasite development in the mosquito (Detinova, 1962) . The parasite extrinsic incubation period (EIP) equation for P. falciparum demonstrates that at temperatures near the lower limit for parasite survival (i.e. around 16 o C), small temperature changes have substantial effects on the number of days required for parasite development (Detinova, 1962) . For instance, EIP is reduced from 55.5 to 38.2 days when temperature is increased from 18.0 to 18.9 o C. In a previous study, the prevalence of malaria among children in one of the study villages (Maisheru) never exceeded 0.3% during a two -year period in 1999 / 2000 (Mekonnen Yohannes et al., 2005) .
The evidence of malaria parasitaemia was associated with proximity of households to larval habitats. Over 77% of the slide positive children came from households located within 500 -750 meters from the RWH structures. This was supported by the entomological findings that revealed the RWH structures close to homesteads were predominantly colonized by mosquito immature stages, compared to those far away. This finding is consistent with other studies, where homes close to breeding sites exhibited higher mosquito abundance and malaria risks (Van der Hoek et al., 1998; Cano et al., 2006; Carter et al., 2000) . This is because, as egg-laying is a spatial process depending upon the location of the focal habitat relative to sources of blood meal / gravid mosquitoes, habitats closer to human habitations tend to be favored by gravid mosquitoes and receive more eggs of An. arabiensis, and thus are known to be more productive for anopheline immatures (Zhou et. al., 2007) .
Thus, the RWH structures provided favorable vector breeding habitats during the dry season, where larval habitats are more limited, and in hilly areas where surface waters cannot often accumulate sufficiently long to render mosquito aquatic stages complete the life cycle. The ratio of late larval instars and pupae to early instars, which is a rough measure of breeding site productivity, has approached one in HMPs, suggesting that they are more productive than the smaller RWH ditches, where water stayed longer for the aquatic stages to reach maturity to the adult mosquito. This is important for control measures since any small water body that remains for longer than one week will provide a potential breeding site. An. arabiensis is a pioneer species rapidly colonizing new water bodies and its aquatic stages mature to adults in about 7 -10 days in sun-lit habitats (Gillies and de Meillon, 1968; Munga et al., 2006) .
The association of surface water bodies with mosquito vector breeding is well established (Gillies and de Meillon, 1968; Hunter et al., 1993; Ijumba and Lindsay, 2001) . Nevertheless, the present study has demonstrated that, in situ RWH structures built near villages, pose a much higher potential, compared to the bigger bodies of water, such as ponds (Kassahun Waktola, 2008) , microdams (Tedros Adhanom Ghebreyesus et al., 1999; Mekonnen Yohannes et al., 2005 ;
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Boelee, 2003) and lakes (Lautze et al., 2007) , as they are constructed in large numbers and provide numerous vector breeding sites over the vast rural settlements. These transient and mostly turbid surface waters are highly favored by An. arabiensis populations and are more difficult to control.
The presence of ring stage in 93% of P. falciparum-positive subjects indicated that transmission was continuing at the time of the survey, suggestive of an impending outbreak of a greater magnitude. In fact, according to a report, based on a rapid assessment survey conducted in the area afterwards (August 2005), it was learnt that the situation escalated to epidemic proportions and the condition was out of control. A total of 26 deaths, ascribed to malaria, were reported from the study sites in Hadegti tabia (Yemane Ye-ebiyo, 2005) . Nevertheless, unlike the devastating large scale epidemics experienced in East African highlands in the past (Zhou et al., 2004; Lindsay and Martens,1998) , including the 1958 epidemic in Ethiopia that affected over 3 million people (Fontaine et al., 1961) , the epidemic malaria that flared up in the study villages was spatially limited. Thus, the focal increase in malaria transmission, that appeared to be localized in two to three subdistricts, could be mainly be ascribed to the large scale introduction of the in situ RWH structures into the area. However, other factors might have also aggravated the situation, including, delay in taking preventive measures (spray operations were conducted late in August), absence of effective antimalarial drugs at the time (quinine and Fansidar were in use), and poor use of bed nets (Yemane Ye-ebiyo, 2005) . Fansidar was officially replaced by Artemether-lumefantrine as first-line drug for P. falciparum since 2004 in the country, as resistance of P. faclicaprum infections to this drug was confirmed over wide areas (WHO, 2003) .
Nevertheless, even to date, where malaria prevalence has significantly decreased in the past 3-4 years in the region and the country at large, the health institution records of the past couple of years (including 2009) (unpublished data) showed increases in malaria episodes in the study areas and nearby villages, where the RWH structures were introduced. This is indicative of the potential impact of these structures on malaria transmission.
CONCLUSION
This study has demonstrated that large scale construction and/or expansion of in situ RWH structures, as a means of water resources conservation and food security, may lead to increased risk of malaria transmission if built near settlements by creating abundant mosquito breeding
